Left ventricular function, pressure-volume relationships, and wall motion were studied by sequential The association of angina and an elevation of the left ventricular end-diastolic pressure, seen consistently with exercise and occasionally with atrial pacing, has led to an interpreta-
ALTHOUGH alterations in hemodynamics, metabolism, and the electrocardiogram have been extensively studied during angina pectoris, induced by exercise1-8 and atrial pacing,4-8 relatively little is known concerning the volume changes and characteristics of ventricular wall motion during angina.
The association of angina and an elevation of the left ventricular end-diastolic pressure, seen consistently with exercise and occasionally with atrial pacing, has led to an interpreta-tion that angina is a reversible state of heart failure.7 Support of this interpretation can be readily found in animal experimentation9 where tangible evidence of impaired myocardial contractility appears when left ventricular ischemia is produced.
However, with myocardial ischemia in man, the accompanying increases in cardiac output, mean systolic ejection rate, stroke work, and left ventricular dp/dt are not typical of the hemodynamic responses seen in heart failure. 10 Therefore, an alternate explanation of the increased ventricular filling pressure has been proposed. It .02
.. expressed it as left ventricular end-diastolic compliance. This determination was made for the resting state and during atrial pacing. In circulatory physiology, the term "compliance" has generally referred to the volume change for a given change in pressure ( Dodge and Tannenbaum,17 in the course of construction of pressure-volume loops from angiographic data analyzed diastolic compliance in the traditional manner, while other investigators21-23 have studied pressure-volume changes by simply relating end-diastolic volume or circumference to enddiastolic pressure. Recognizing that we are not expressing true diastolic compliance of the left ventricle, we nevertheless feel that this ratio provides a useful means of expressing the relationship of pressure and volume at this specific phase in diastole.
For the purpose of statistical analysis, individual data were converted to percent change and comparisons between the two groups were performed using an unpaired t test.
Results
The effects of atrial pacing on the normal group and on those patients who developed myocardial ischemia are summarized in table 1. In the normal group, atrial pacing failed to elicit any chest pain or electrocardiographic changes; whereas, in the patients with demonstrated coronary artery disease, angina was elicited in seven and marked ST-segment changes in the other three.
The coronary arteriograms were, of course, normal in the normal group. In the angina group, the two female patients demonstrated single vessel involvement, while in the eight remaining male subjects, either two of the three or all three vessels were significantly (>75%) obstructed.
Hemodynamics
The average heart rate increased from 76 to 117 beats/min with atrial pacing in the normal patients and from 80 Left ventricular end-diastolic pressure (LVEDP) fell from 8 to 3 mm Hg during atrial pacing in the normal subjects, whereas in the angina group, an increase occurred in four patients, no change in one, and in the remaining five, a reduction was found (15 to 9 mm Hg). However, when compared to the group of normal subjects ( fig. 2) , there was no significant difference.
The left ventricular dp/dt increased in all subjects of both normal and abnormal groups. In the normal patients, the average change was 440 mm Hg/sec while in the angina group, the average increase was significantly less (P < 0.05), increasing only 250 mm Hg/sec during atrial pacing.
Left Ventricular End-Diastolic Volume (LVEDV)
In the nornal group, the average LVEDV was 103 mu/m2 which fell to 62 ml/m2 during atrial pacing. In the patients with angina, the LVEDV at rest was somewhat less (98 ml/m2) than in the normal group. In nine of 10 patients, atrial pacing resulted in a fall (81 ml/m2) in end-diastolic volume ( fig. 2) Figure 3 A patient who developed overt heart failure during angina. Angina has resulted in a marked increase in end-diastolic pressure and a fall in stroke work.
(P <0.05) less than that seen in the normals.
In one patient ( fig. 3 ), however, angina pectoris induced by atrial pacing was accompanied by a marked increase in the LVEDV (65 to 163ml/m2).
Ejection Fraction
In the normal subjects, the mean resting ejection fraction was calculated as 43%. With atrial pacing, an average but nonsignificant change in the ejection fraction occurred, increasing from 43 to 53%. Analysis of the effect of atrial pacing on the ejection fraction of the normal group revealed that no change occurred in two of the subjects while in the third patient, the ejection fraction rose from 44 to 74%, accounting entirely for the mean increase.
In the group with angina, atrial pacing resulted in a decline in the ejection fraction in eight patients and remained essentially unchanged in the other two subjects. The overall average decline in the 10 patients was from 41 to 32% (fig. 4) , which was significantly (P < 0.05) different from the normal group.
In one of the patients (J. L.) with angina, the reduction was severe (from 38 sum of three regions of the anterior wall motion ranged from 26 to 51%, while the posterior wall contraction ranged from 31 to 55%. At the apex a lesser degree of contraction was observed, ranging from 10 to 23%. In the group with angina pectoris, abnormal patterns of ventricular contraction were seen in five patients in the-resting state. The other five exhibited a normal pattern of ventricular wall motion. Of the five with asynergy, regional akinesis was found in two patients, a ventricular aneurysm was present in one, antero-apical dyskinesis in one, and in the fifth, regional hypokinesis was observed in the basal section of the posterior wall. Both the aneurysm and regional hypokinesis were confirmed during subsequent surgery.
During atrial pacing, the sequence or degree of myocardial contraction, in the normal group, was not altered in any significant fashion. In general, the normal patients tended to increase the degree of wall motion during atrial pacing, whereas, in eight of the patients with myocardial ischemia during atrial pacing, gross regional alterations in ventricular wall motion were observed. Five of the patients showed diminution of ventricular wall motion in two separate regions ( fig.  6 ), and in the other three patients, regional hypokinesis was observed in a single region.
In each instance, an associated narrowed coronary artery, supplying the affected region, could be demonstrated. In the two patients with no observed decline in wall motion, the ejection fraction remained at normal levels during atrial pacing. Quantitation of the changes in wall movement was carried out. The reductions found during myocardial ischemia ranged from 7 to 35%, with an 18% overall decline in the regions affected ( fig.   7 ).
Discussion
The technic of atrial pacing, as described by Sowton Cardiac output remains stable, while a decline in arterial pressure, stroke volume, and left ventricular end-diastolic pressure is observed. Atrial pacing to heart rates between 115 and 120 beats/min produced a 40% reduction in end-diastolic volume, so that, in spite of a 32% decline in stroke volume, the ejection fraction increased by 10%. This change was accounted for solely by a marked increase in one of the subjects while the remaining two were unchanged. Bristow and associates26 using a thermodilution technic in dogs, found an Corculation, Volume XLII, December 1970 unchanged ejection fraction (equal decline in stroke and end-diastolic volume) at increase in the heart rate comparable to that in our normals. Tsakiris' group27 estimated volumes in animals with an angiographic technic during induced tachycardia. Their results in three animals calculated at heart rates under 150 beats/min demonstrated a slight average decline in ejection fraction from 40% down to 38%.
In the patients with tachycardia-induced angina, hemodynamic changes likewise did not differ from previous reports.57 During the tachycardia, stroke volume and work fell, left ventricular dp/dt increased, and cardiac output remained stable. The degree and direction of change of the left ventricular enddiastolic pressure were variable. In four of our subjects, an increase was observed. Although such an increase is inconstant during pacinginduced angina, it is a consistent finding during exertional angina.'12 The increased left ventricular filling pressure during exertional angina has been interpreted as heart failure by some authors7' 28 and as a diminished diastolic compliance by others.2' 5, 6 The several observations of gross myocardial deterioration, during both graded ischemia and complete coronary artery occlusion9' 29 in animals, have given considerable substantiation to the impression that heart failure occurs during angina.
Braunwald30 and more recently, Rackley and associates,31 have discussed the difficulties inherent in the assumption that increases in diastolic pressure represent increases in myocardial fiber length. Discrepancies have been frequently demonstrated between end-diastolic volumes and pressures, particularly in diseased hearts.
Several other observations have suggested that an acute alteration in compliance occurs rather than heart failure. Increases in cardiac output, stroke work, mean systolic ejection rate, and LV dp/dt, although subnormal, are measured during exertional angina, whereas, these parameters usually decline during exertional stress in those subjects who exhibit classical "congestive" heart failure.10 Animal Circulation, Volume XLII, experiments by Bianco and associates32 have also directed attention to a reduction in left ventricular compliance following a coronary occlusion. In addition, Kasparian and Wiener33 have presented recent data with a thermodilution technic in human subjects supporting the concept of an acute alteration of pressure-volume relationsh-ips during transient ischemia.
Observations from our studies suggest that both interpretations are valid. since both a change in end-diastolic compliance and a shift of the ventricular function curve to the right were observed. An abnormal pressurevolume relationship in the left ventricle was found during angina in five of the patients. In four, an increasing or stable filling pressure was associated with a declining end-diastolic volume ( fig. 5 ).
Does the faster heart rate (increase of 11 beats/min) achieved in the angina group account for the difference in the pressure-volume response to atrial pacing? Mitchell and associates34 demonstrated increases in ventricular end-diastolic pressure with a declining enddiastolic volume at very rapid heart 3rates. They attributed the change to incomplete ventricular relaxation. Such changes in left ventricular end-diastolic pressure have not been observed in normal subjects at paced heart rates under 150 beats/min.5 7 Therefore, it does not seem likely that the somewhat more rapid heart rate accounts for the observed difference between groups, and indeed, the induced heart rate was 120 beats/min or less in three of the five patients with a demonstrated alteration in end-diastolic compliance.
Ventricular function, as expressed by the relationship between stroke work and enddiastolic volume, deteriorated during angina pectoris, that is, the ventricular function curve was observed to shift to the right ( fig. 8) observed changes in wall movement, stroke volume, end-diastolic volume, and ejection fraction changed in a normal fashion during pacing-induced angina. Maintenance of cardiac output in the presence of a dynamic regional asynergy during ischemia reflects the capacity of a nonaffected myocardium to augment its performance. Attention was directed toward this phenomenon particularly in patients in whom only single regions were affected. The opposite wall was frequently observed to increase its degree of contraction during ischemia, but the changes we observed were no greater than those changes found in normal subjects during induced tachycardia. It is possible that areas not adequately visualized during angiography (that is, lateral wall or septum) may be performing super-normally. There are supporting metabolic39 and physiologic40 studies of the normal myocardium during focal ischemia which suggest that a compensatory improvement in the function of nonaffected regions occurs in order to maintain an adequate stroke output.
This study emphasizes the multifaceted picture of angina pectoris. A single view of this disorder will not provide an adequate explanation of all the observed clinical and physiologic alterations. The degree of ischemia, the number of diseased vessels and the reserve capacity of nondiseased myocardium are a few of the many factors which determine the overall response of the heart to stress.
Caution should be exercised not to extrapolate these data to explain changes occurring during exertional angina. Increased venous return occurring during exercise as well as increased sympathetic tone may induce different alterations in wall motion and volume.
